We analyzed embryos of a wild-return hatchery population of chinook salmon for the presence of paternal mtDNA. None of the 10,082 offspring examined revealed paternally transmitted DNA, delimiting the maximum frequency of paternal leakage in this system to 0.03% (power of 0.95) and 0.05% (power of 0.99).
HE absence of both paternal transmission (paternal leakage) and heterologous recombination of animal mitochondrial DNA (mtDNA) are believed to be cornerstones of mtDNA inheritance (Birky 1995; Barr et al. 2005) . These features combined with its small size (generally 15-20 kb), high copy number, and higher mutation rate (compared to nuclear genes) have greatly facilitated the investigation of complex genetic ancestries and phylogeographic or phylogenetic patterns (Birky et al. 1983; Avise et al. 1987; Moritz et al. 1987; Birky 2001; Slate and Gemmell 2004) .
In recent years, however, there has been increasing evidence for paternal leakage and recombination of mtDNA in a wide range of animal species. Paternal leakage has been documented in at least 15 species (summarized in Fontaine et al. 2007 ; see also Zouros et al. 1992; Guo et al. 2006; Breton et al. 2007; Theologidis et al. 2007) and recombination in at least 11 species (Lunt and Hyman 1997; Ladoukakis and Zouros 2001; Hoarau et al. 2002; Kraytsberg et al. 2004; Piganeau and Eyre-Walker 2004; Gantenbein et al. 2005; Tsaousis et al. 2005; Guo et al. 2006; Armstrong et al. 2007; Ciborowski et al. 2007; Ujvari et al. 2007) , spanning highly divergent taxa including mammals, mollusks, reptiles, birds, fish, flatworms, and arthropods. Although the detected cases of either paternal leakage or recombination are assumed to be exceptions to the general rule, the increasing number of these events clearly questions our current understanding of mitochondrial inheritance and the frequency of paternal leakage in particular.
The occurrence of both paternal leakage and recombination of mtDNA in the animal kingdom has potentially substantial implications for traditional phylogenetic analysis (Schierup and Hein 2000) . For example, assuming a molecular clock based on a linear rate of accumulating mutations over evolutionary time would lead to erroneous estimates if analyzed mitochondrial data sets contained sequences influenced by either event by increasing the number of potential mutations and haplotypes. Ignoring undetected recombination in genealogies can lead to underestimates of times of divergence and overestimates of the number of mutations and population size (Eyre-Walker 2000; Schierup and Hein 2000; Slate and Gemmell 2004) . It is therefore vital to determine at what frequency these events may occur, so that models of mtDNA evolution can be improved to estimate better evolutionary relationships and times of divergence.
Previous studies estimating the frequency of paternal leakage were greatly influenced by inbreeding and backcrossing (Kondo et al. 1990; Gyllensten et al. 1991; Shitara et al. 1998; Sherengul et al. 2006) , crossing regimes that are assumed to promote paternal leakage (Kaneda et al. 1995; Sutovsky et al. 2000; Sherengul et al. 2006) . Other studies detected paternal leakage but neglected to estimate how frequently this might occur (Meusel and Moritz 1993; Kvist et al. 2003; Gantenbein et al. 2005; Fontaine et al. 2007 ). Additionally, samples of at least 300 progeny with no detected paternal mtDNA are required to correctly delimit its frequency to 1% (Milligan 1992 ) and failures to detect paternal leakage in previous studies were probably attributable to the use of low sample sizes. Here, we report the first large-scale study to systematically estimate the frequency of paternal leakage within a species under semiwild conditions, with potentially confounding factors such as inbreeding, backcrossing, and hybridization eliminated. To achieve this, we analyzed 10,082 embryos of a wild-return hatchery population of chinook salmon, generated through artificial fertilization, for the presence of paternal mtDNA. Previous work on this hatchery 1 population revealed the presence of 36 single nucleotide polymorphisms (SNPs) within the mitochondrial genes mt-nd1-mt-nd5 (our unpublished data). Each of the five haplogroups present in this population contains at least one SNP that is unique for the corresponding haplogroup (diagnostic SNP). Nucleotide positions of diagnostic SNPs examined are 3957, 5842, 10,650, and 10,725 (hereafter single SNPs are referred to as nt3957, nt5842, nt10650, and nt10725) of the chinook mitochondrial genome (NCBI: NC_002980). The presence of diagnostic SNPs in all haplogroups allows for unambiguous determination of mtDNA origin in offspring (i.e., paternally or maternally derived) enabling us to readily investigate patterns of mitochondrial inheritance in this system. Furthermore, as both paternal leakage and recombination have been detected in a related teleost, the Atlantic salmon (Ciborowski et al. 2007) , this system appeared to be suitable for the detection of paternal leakage.
The experimental approach for the detection of paternal mtDNA at low copy numbers was specifically developed for this study to ensure highest possible sensitivity combined with the ability to process large sample sizes (Wolff and Gemmell 2008) . The use of conventional allele-specific primers was not applicable due to minimal sequence differences (1 bp) between paternal and maternal alleles. Experiments with allele-specific primers designed for each diagnostic SNP prior to this study resulted repeatedly in crossannealing and amplification of maternal mtDNA with male-specific primers (data not shown).
Twelve independent fertilization experiments between individuals of different haplogroups were performed and each experiment generated on average 840 progeny, with 357 as the smallest and 1677 the largest number of offspring generated in a single fertilization experiment (Table 1) . Because only a limited number of fish return to the hatchery each year, individuals for these experiments were chosen according to their availability and an even representation of all haplogroups could not be accounted for, introducing potential biases toward the overrepresentation of single haplogroups. A total of 10,082 samples have been genotyped, of which 7188 samples were examined with a detection limit of 1:64 and 2895 samples were analyzed with a detection limit of 1:2048. The difference in detection limit resulted from SNP-specific deviations of the genotyping experiments (Wolff and Gemmell 2008) . In none of the 10,082 samples examined paternally derived mtDNA was detected.
On the basis of the genotyping results, we calculated the maximum frequency at which paternal leakage can be excluded to occur (Table 1) . Table 1 shows a summary of all genotyping experiments and the maximum frequencies of paternal leakage in relation to sample sizes of single fertilization experiments and the power of the test. The highest frequencies estimated in this study where 0.84% (power of 0.95) and 1.28% (power of 0.99) Maximum frequencies of paternal leakage per cross based on genotyping results of 10,082 offspring. Genotyping was performed using customized TaqMan 59-nuclease assays (Applied Biosystems, Foster City, CA) in combination with the TaqMan Universal PCR Master Mix, No AmpErase UNG (Applied Biosystems). Experiments were carried out using the Mx3000P Q-PCR system (Stratagene, La Jolla, CA) at reaction volumes of 10 ml containing 5-15 ng of whole genomic DNA. Detection limits for single SNPs (i.e., for the paternal molecule) were determined in accordance with Wolff and Gemmell (2008) . Maximum frequencies at which paternal leakage can be excluded were calculated using a mathematical model to determine the probability of falsely accepting strict maternal inheritance, assuming that P ¼ 0 (P is the probability of paternal leakage) when in fact P . 0 (Milligan 1992) .
a Upper limit of frequency at which paternal leakage can be excluded.
for a sample size of 357 and the lowest frequencies were 0.18% (power of 0.95) and 0.27% (power of 0.99) for a sample size of 1677. If sample sizes of single experiments are combined, the maximum frequencies at which paternal leakage can be excluded to occur according to a sample size of 10,082 offspring are 0.03% (power of 0.95) and 0.05% (power of 0.99). The failure to detect paternally derived mtDNA in the samples investigated does not invariably exclude the potential presence of paternal mtDNA. First, the presence of paternally derived mtDNA cannot be excluded at ratios beyond the detection limits of 1:64 and 1:2048. Second, as the inheritance of paternal mtDNA can be tissue specific (Schwartz and Vissing 2002) , the detection of paternal mtDNA (if present) in tissues other than those investigated here might remain undetected. Nevertheless, as DNA extractions investigated here were made from tail tips (which contain tissues from all three germ layers) and with the exception of several bivalves (Breton et al. 2007 ) the inheritance of paternal mtDNA does not appear to be tissue specific, paternal mtDNA was expected to be detected if present in somatic tissue.
The cases of paternal leakage documented in the literature cover highly divergent taxa, indicating that this phenomenon is not limited to single taxa or species. The occasional occurrence of paternal leakage is assumed to be due to a failure of those mechanisms that prevent paternal leakage. Interestingly, 12 of the 15 documented cases of paternal leakage were observed in hybrid zones, an environment where these mechanisms are assumed to be more relaxed and less stringent (Rokas et al. 2003) . In fact, fertilization experiments in fruit flies and cattle showed that paternal leakage occurs at a significantly higher frequency in hybridization experiments compared to intraspecific crosses (Sutovsky et al. 2000; Sherengul et al. 2006) . Sutovsky et al. (2000) demonstrated that the ubiquitination preceding the proteolytic degradation of mammalian sperm mitochondria upon fertilization is not detectable in bovine hybrids whereas this process is reliable in intraspecific experiments (Sutovsky et al. 2000) . The absence of this process in hybrids might be due to interspecific sequence differences and therefore to differences in the amino acid sequence of proteins catalyzing this process, disabling, for example, the recognition of sperm mitochondria (Sutovsky et al. 2000) .
However, the remaining 3 of 15 documented cases of paternal leakage occurred either in intraspecific fertilization experiments or in natural populations (Magoulas and Zouros 1993; Schwartz and Vissing 2002; Sherengul et al. 2006) demonstrating that this phenomenon is not exclusively limited to hybrid zones. Why mechanisms to prevent paternal leakage fail here can only be the subject of speculation. The occurrence of paternal leakage might be simply a quantitative phenomenon, occurring accidentally in relation to time and number of fertilization events. The increasing number of revealed incidents in recent years is potentially due to advances in technology, such as (i) increased sensitivity for minor allele contributions, (ii) the capability of single techniques to process large sample sizes, (iii) increased generation of mtDNA sequence data, and therefore (iv) increased gene coverage. In combination, such advances may allow for the detection of even rare phenomena, such as paternal leakage.
We did not detect any incidence of parental leakage of mtDNA in our study and have been able to define an upper limit for the frequency of such an event to 0.03-0.05%. However, while our result was negative, the increasing reports of paternal leakage substantiate its occurrence beyond any doubt and it now should be considered as an ongoing part of animal mitochondrial inheritance. The potential incidence of this phenomenon (with particular attention paid to hybrid zones) and its influence on subsequent analyses must be considered if mtDNA is applied as a molecular marker (EyreWalker 2000; Schierup and Hein 2000; Slate and Gemmell 2004) . The question that needs to be answered now is no longer about the general existence of paternal leakage but about its frequency in the population and species of interest, and if these are frequent enough, such leakage events may need to be explicitly considered in models of mtDNA evolution.
